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Abstract. The kinetic analyses are quite important when it comes to understand the particle
behavior in any device as they start to deviate from continuum nature. In the present study,
kinetic simulations are performed using Particle-in-Cell (PIC) method to analyze the behavior
of ions inside a cylindrical Inertial Electrostatic Confinement Fusion (IECF) device which
is being developed as a tabletop neutron source. Here, the lighter ions, like deuterium are
accelerated by applying an electrostatic field between the chamber wall (anode) and the
cathode (cylindrical gridded wire), placed at the center of the device. These ions recirculate
across the cathode grid, which in turn capable of producing fusion reaction at the central
region of the device. An open source PIC code (XOOPIC) is used in our study to simulate
the ion dynamics at different experimental conditions. The plasma potential profiles obtained
from the simulated results indicate the formation of multiple potential well structures inside
the cathode grid depending upon the applied cathode potential (from −1 to −5 kV ). The ion
density at the core region of the device is found to be of the order of 1016 m−3, which closely
resembles the experimental observations. Spatial variation of Ion Energy Distribution Function
(IEDF) has been measured in order to observe the characteristics of ions at different cathode
voltages. Finally, the simulated results are compared and found to be in good agreement with
the experimental profiles. The present analysis can serve as a reference guide to optimize the
technological parameters of the discharge process in IECF devices.
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1. Introduction
An inertial electrostatic confinement fusion (IECF) device operates on the principle of the
confinement of plasma particles in a purely electrostatic field. In this device, ions are
recirculated across the gridded cathode, confined and remain inside the system unless they
collide with the neutrals, background ions and cathode grid wires. As a result, the secondary
electron concentration also increases near the core region. The electrostatic potential produced
by both the ions and electrons plays a vital role behind the fusion process in the system.
The secondary electrons neutralize the space charge of ions and thus maintain the ion re-
circulation across the gridded cathode [1]. The highly energetic ions fused together at the
core region and produce particles like neutron, proton etc. Unlike magnetic and laser-based
confinement methods, which are primarily effective for long term power production, the IECF
concept is being developed for the near term applications [1, 2]. The theoretical concept of
IECF was first proposed by P. Farnsworth [3], and later, it was studied experimentally by R.
Hirsch [4] in 1970’s. Different types of IECF devices have been developed till date, e.g.,
Hirsch [4] introduced ion-gun injectors to confine ions, Nebel et al . [5] used a triple grid
design for better confinement of the ions. Bussard [6] developed a magnetic-electrostatic
version and other researchers came up with new versions such as single-grid [7], multiple-
grid [8, 9] magnetron assisted device etc. The potential profiles in the IECF device were first
experimentally studied by Swanson et al . [10] using electron beam probing. Later, Thorson et
al . [11,12] used emissive probe for the measurement of potential and ion density profile in the
central region of the spherical IECF device by varying the gas pressure. Moreover, Yoshikawa
et al . [13] have carried out experiments for the direct measurement of potential by using laser-
induced florescence technique. Over the years, researchers of different laboratories across the
world (University of Wisconsin, University of Illinois, Tokyo Institute of Technology, Kyoto
University etc.) [14–19] have been continuously devoting their effort for upgrading the IECF
device in terms of neutron production as well as its applications. As far as the theoretical
studies are concerned, Nevin [20] has presented a model for the ion distribution function
and is able to reproduce some of the essential features of the IECF system, like electrostatic
confinement, strong ion peak at the center and a nearly mono-energetic distribution of the
ions. Krall [21] and Dolan [22] introduced the polywell concept in the spherical IECF device
in which potential well structures have been studied in order to achieve maximum fusion
rate. The purpose of their work was to establish the IECF scheme as an alternate way to
achieve thermonuclear fusion energy. However, later on it was confirmed that the IECF
scheme shows little promise as a basis for the development of commercial electrical power
plant [20]. Ohnishi et al . [23] observed the formation of potential well structure inside the
cathode grid depending upon the magnitude of ion current. They have studied the dynamic
behaviors of potential well by performing numerical simulations on the basis of particle-in-
cell (PIC) method. A correlation between the D-D neutron production rate and the depth of the
potential well is also established in their work. Ohnishi et al . [24] further improved the PIC
code to enhance the computational speed and accuracy. However, they considered only the
D+2 ions while D
+ ions are not included in the simulation. Again, the angular momentum that
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the ions acquire due to coulomb interaction and collision with the neutrals is not considered
in the simulation. Buzarbaruah et al . [25] tried to track the trajectory of the D+ ions by
performing simulation using Simion code [26]. However, the limitation of the code did not
allow to create the plasma environment inside the system, rather it could only provide the
electric or magnetic field to observe the possible trajectories of ions.
Since the potential profiles and ion density profiles play an important role for the
optimization of the neutron production rate [12] (during higher voltage operations), a detailed
study of these profiles during lower cathode voltage conditions become equally important for
a complete understanding of the underlying physics of the IECF scheme. In this work, we
have studied the behavior of potential well and ion density profiles in the cylindrical IECF
[25, 27, 28] device during relatively lower cathode potential (up to −5 kV ) using XOOPIC
code [29] [X11-based Object-Oriented Particle-In-Cell on X-windows, developed at the
University of California, Berkley]. The code is capable of producing the exact experimental
scenario and all the essential parameters associated with the plasma can be extracted for
analysis. Ion energy distribution function (IEDF) is also obtained at various locations of
the simulated region for different cathode voltages. The simulated profiles then compared
with the experimental to benchmark the results. In the next section, the experimental setup,
procedures and the diagnostics used for the experiment are described. In section 3, we briefly
describe the simulation parameters and the code used in this simulation. The simulated results
such as, potential well profile, ion density profile and the IEDF are described in the section 4.
The experimental results and their comparisons with the simulated results are also discussed
in the same section. The last section of the paper contains the concluding remarks and the
future scopes.
2. Experimental setup and procedure
The IECF device used in this study consists of a cylindrical stainless steel vacuum chamber
having a diameter of 50 cm and a height of 30 cm. A highly transparent cylindrical cathode
is kept vertically at the center of the chamber, which acts as the anode (grounded). The
cathode that is connected to a high voltage power supply through a feedthrough, consists of
tungsten grid wires of varying diameters. In this work, we have used a cathode of diameter
3 cm (∼ 95% transparent), made up of 8 numbers of grid wires having diameter 0.12 cm,
each. Different ports are there in the chamber for evacuation, viewing, coupling high voltage
feedthrough, inserting gas and other diagnostic tools. A schematic diagram of the cylindrical
IECF device used in the present work is shown in the figure(1). The chamber is evacuated by
using a turbo molecular pump backed by a rotary pump and the pressure is maintained inside
the chamber by a coarse feed valve.
The deuterium plasma is created by adopting hot cathode discharge (i.e. filamentary
discharge) method in which two thoriated tungsten filaments are placed at two diagonally
opposite positions and at 10 cm away from the wall of the chamber. The filaments are heated
to produce thermionic electrons and a discharge voltage and current of 80 V and 200−500 mA
is maintained, respectively, at a working pressure of ∼ 10−3 Torr. Then, negative voltage is
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Figure 1: Schematic diagram of the cylindrical IECF device with different accessories.
applied to the cathode through the feedthrough using a 5000 V , 600 mA DC power supply.
A cylindrical Langmuir probe of length 0.5 cm and diameter 0.05 cm has been used to
characterize the plasma. The probe is inserted into the plasma through one of the ports, as
shown in the figure(1), and it is movable radially from the wall of the chamber to the center
of the cathode. The potential at different positions inside the chamber is measured from the
Langmuir probe. We have varied the applied cathode voltage from −1 to −5 kV in order
to observe the modifications in potential profile structure inside the cathode region [30]. In
order to measure the plasma temperature and hence the ion density, we have used a double
Langmuir probe.
3. Modeling
To understand the complex behavior of ions inside the cylindrical IECF device, we have
performed electrostatic particle-in-cell (PIC) simulation using XOOPIC code. XOOPIC has
the capability of handling two-dimensional space in cartesian and cylindrical geometries,
including all three velocity components, with in-built electrostatic and electromagnetic
models available. The code can deal with an arbitrary number of species and it includes
Monte Carlo Collision (MCC) algorithms for modeling collisions of the charged particles
with themselves and with the background gas. The important benefit of the XOOPIC code is
that it couples the field solution with the particle mover, whereas most of the other techniques
explored has to involve two separate codes for this. The other difficulty is the insertion of
non-symmetric geometries into the system. The simulated dimension and parameters are
designed to recreate the actual experimental scenario in this paper. The simulation geometry
is a horizontal 2D cross-section of the device including the cross-section of the cathode grids,
(figure(2)) as per the experimental setup. Since the dimension of the cathode grid wires are
very small as compared to the dimension of the simulation domain, we have considered it
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Figure 2: Cross-section of simulation region with the cathode grid.
Table 1: Simulation parameters
Parameters Values
Grid size 104×104
Length 0.14 m
Width 0.14 m
Time step (dt) 10−10 s
Specific weight 109
Background gas Deuterium
Cathode potential −1 kV to −5 kV
Anode potential 0 V
as square shaped rather than circular for simplification of the simulation. We have modeled
electron emitters inside the simulation domain, each emitting a constant and equal flux of
electrons continuously into the system. The emitted electrons interact with the background
gas (deuterium) and produce ionization. A high negative voltage is applied to the cathode grid
wires, due to which ions are accelerated towards it. The system is assumed to be bounded and
symmetric. The time step for the simulation has been chosen in order to satisfy the Courant
condition [31] so that the particles must not fly over more than one cell in one time step.
In order to get a good resolution of phase space, it requires an extremely large number of
computational particles (super particles). However, considering so it is important to optimize
the number as it significantly influences the total run-time. In PIC simulation, the trajectory
of every super-particle is computed kinetically. Therefore, longer domain length with a large
number of super particles requires much longer run time to solve the problem. Again, the
statistical noise associated with PIC simulation also increases with the increase in domain
length. To avoid this, a large number of computational particles with relatively shorter domain
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length is appropriate for the simulation to obtain the desired results. The code is capable of
running in both GUI (Graphical User Interface) and non-GUI modes. To reduce the execution
time, the non-GUI mode is generally preferred. A typical computer run takes at least 3− 4
hours to achieve the steady-state. After reaching the steady-state, the diagnostics are saved as
ASCII data files. The simulation parameters used in this work are depicted in the table 1. The
primary electron and ion temperatures are assumed to be 3 and 0.1 eV , respectively. A few
subroutines have also been developed in MATLAB R© to visualize the simulation data.
4. Results and Discussions
At first, we have tried to visualize the ion re-circulation from the ion phase space data. The
phase space of ion, after attaining the steady-state for−1 kV applied cathode voltage, is shown
in figure(3a). It clearly shows the re-circulation of ions across the openings of the cathode
grid. Some of the ions are getting trapped inside the cathode and their density is found to be
increasing at the central core region. The increase in ion density inside the cathode mainly
depends upon the applied cathode voltage. The photograph taken from the bottom of the
cylindrical IECF device during −1 kV cold cathode discharge operation [27], as shown in
figure(3b), indicates that ion spokes are coming out of the core region of the cathode. This
mode of operation is popularly known as the star mode [32] in IECF system. The surface plot
of potential and ion density profiles obtained from the XOOPIC data during −1 kV applied
cathode voltage, are shown in figure(4). A detailed discussion of the potential and ion density
profiles are done in the next subsection.
4.1. Potential and ion density profiles
Voltage ranging from −1 to −5 kV is applied to the gridded cathode to observe the
modifications in the potential profiles, specially inside the cathode region. After attaining
the steady-state in the simulation, the obtained potential profiles are plotted in the MATLAB
scripts for better analyses. The equatorial plots of the potential profiles for different cathode
Figure 3: Observation of re-circulation of ions in both simulated profile (a) and experiment
(b).
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Figure 4: Surface plot of potential profile (a) and ion density profile (b) at −1kV cathode
voltage.
voltages are compared with the experimentally established graphs [30], as shown in figure(5).
For lower cathode voltages, the ions re-circulate across the cathode openings until they collide
with themselves or with the cathode grid. This results in scattering of the ions out of the
potential trap. As the cathode voltage is increased, e.g. at −1 kV , the ion flux significantly
increases inside the cathode, which results in the formation of a space charge of ions, i.e., a
virtual anode inside the cathode (figure(5a)). Similar results are obtained during −2 kV and
−3 kV cathode voltage operations, as shown in figures(5b) and (5c), respectively. The depth
of the potential well is also found to be increasing with the increase in cathode voltage. The
virtual anode formed causes further incoming ions to be reflected back before reaching it.
However, the virtual anode serves as the potential trap for the secondary electrons (emitted
from the gridded cathode due to the collision of ions) and they oscillate inside the virtual
anode just like the ions in the outer trap. If the electron density increases, they in turn form
a space charge of electrons which may lead to the formation of another virtual electrode,
i.e., a virtual cathode inside the virtual anode. In principle, the process would continue
to form multiple numbers of virtual electrodes inside the real cathode, but in practice, the
potential trap formed by the secondary electrons, i.e., the first virtual cathode is all that is
observed till date [1, 32]. The experimental results are in good agreement with the simulated
results up to −3 kV cathode voltage, as shown in figure(5). The depth of the potential well
increases as we increase the cathode potential and a prominent virtual anode at the center of
the cathode grid have also been observed in the experimental plots. During −5 kV cathode
voltage, a clear formation of a virtual cathode has been observed inside the cathode grid,
experimentally [30], while in the simulated result (figure(6a)), only a slight indication of the
virtual cathode is observed at the center. This is due to the limitations of the code specially
during the simulation of higher voltage operations (around −5 kV ). The measurement of
small potential variations inside the cathode is one of the difficult tasks in Particle-In-Cell
method because of its statistical noise. The potential profiles presented here in this paper are
the time averaged data (to overcome the fluctuation due to electron oscillation) of the specific
configurations. For high voltage operation e.g. −5 kV , due to the additional trapping of
electrons inside virtual anode, determining the accurate profile becomes more complicated.
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Figure 5: Potential profile in both simulated (a), (b) & (c) and experimental (d), (e) & (f)
results during cathode voltage −1, −2 and −3 kV , respectively.
Figure 6: Potential profile in both simulated (a) and experimental (b) results during −5 kV
cathode voltage.
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Figure 7: Ion density profile in both simulated (a), (b) & (c) and experimental (d), (e) & (f)
results during −1, −2 and −3 kV cathode voltage, respectively.
Therefore, in such cases, the signature of virtual anode formation as seen in figure(6a) is
believed to be the proper justification of the detected profiles in the experiment (6b).
As already mentioned, ion density also plays a crucial role in the fusion reaction and to
produce neutrons from such devices. We have studied the simulated ion density profiles up
to a cathode voltage of −3 kV and are shown in figure(7). An abrupt increase in ion density
has been observed inside the cathode because of the trapped ions. At −1 kV cathode voltage,
the maximum density observed is 6.8× 1015m−3, as shown in figure(7a). The density tends
to be increasing as we gradually increase the cathode voltage, and at −3 kV (figure(7c)) it
is found to be one order higher (1.8× 1016m−3) than the first case. In all the cases, ion
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density outside the cathode, (near 0.04 m from the center) in both sides from the center, is
observed to be slightly increasing. This is due to the re-circulating nature of the ions from
one side to the other (figure(3a)). During the re-circulation process, the ions reaching the
extreme position at one end achieve minimum velocity and turn back towards the negatively
biased cathode with increased velocity. At the position of minimum velocity the density of
ions must be higher in order to satisfy the ion continuity equation and to remain the ion flux
conserved. A slight increase in ion density outside the cathode region is also observed in
the experimental results. On the other hand, experimental results are showing similar kind
of profiles, as depicted in figures(7d), (7e) and (7f) for cathode voltage −1, −2 and −3 kV ,
respectively. Both the simulated and the experimental profiles indicate that the ion density at
the core region increases with the applied cathode voltage and it is expected to be increasing
further with higher cathode voltage.
4.2. Ion energy distribution function (IEDF)
In order to measure the ion energy distribution from the simulation data, we have prepared a
MATLAB script in which we can obtain IEDF profiles at different locations of the simulation
domain [33, 34]. We have chosen three different locations, one inside and two outside the
cathode grids, as shown in figure(8a), where IEDF’s are measured during different cathode
voltages. We have also chosen the x-component of velocity along which the IEDF is measured
during three different cathode voltages, −1, −2 and −3 kV , as shown in figure(8). Since the
device is symmetrical along both x and y directions, the ions along y-component of velocity
show similar type of characteristics as that of the ions along x-component. In case of −1 kV
cathode voltage, one peak is observed in the IEDF plots outside the cathode (1st zone) which
suggests that only mono-energetic ions (primary ions due to ionization) are there in these
positions. A second peak, in addition with the primary peak, is observed in the 2nd zone of
the IEDF. The energy of the ions re-circulating across the cathode grids can be described by
the second peak. Inside the cathode region (3rd zone), which is the area of interest, shows two
distinct peaks at the tail of the distribution function along with the primary peak, as shown
in figure(8b). The middle peak in the distribution function represents those ions which are
re-circulating across the cathode from one side to the other with a particular set of energies.
In this case, at the energy range of around 300 V , their distribution is maximum. Again, the
ions which are trapped inside the potential well will have another particular range of energy
(or frequency) than the ions outside the trap. These ions can be represented by the third peak
(at around 650 V ) at the high energy tail of the distribution function. Similar peaks are also
observed at different energy ranges in case of −2 and −3 kV cathode voltage operations,
as shown in figures(8c) and (8d), respectively. Another noticeable phenomenon that can be
observed from the IEDF graphs is that the probability of re-circulation of the ions decreases as
the cathode voltage increases from −1 to −3 kV . If we closely inspect the middle peak in the
IEDF’s measured inside the cathode region (3rd zone), it is found that the relative percentage
of the area under the curve occupied by this peak gradually decreases with the increase in
cathode voltage. In case of −1 kV , the percentage of the area covered by the middle peak is
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Figure 8: Different positions (zones) at which IEDF is measured is shown in figure (a).
Simulated profiles of IEDF at cathode voltages −1, −2 & −3 kV along x-component of
velocity in three different zones are shown in figures(b), (c) & (d), respectively.
about 24% of the total area under the curve, while, it is declined to about 21% in the −2 kV
case. The relative area of the middle peak is further declined in −3 kV case and it is found
to be around 17% of the total area under the curve. On the contrary, the relative area covered
by the third peak with respect to the second peak of the IEDF measured inside the cathode
region, is found to be increasing with the increased cathode voltage. These results suggest that
as the cathode voltage increases, the number of ions re-circulating across the cathode grids
decreases, while the ions trapped inside the potential well increases.
5. Conclusion
The results obtained through simulation, in this paper, suggest that the potential profiles are
in good agreement with the earlier obtained experimental profiles during applied cathode
potential ranging from −1 to −5 kV . The depth of the potential well increases with the
cathode voltage. An indication of the formation of multiple potential wells is also observed in
the simulated profile during −5 kV cathode voltage, while the experimental profile shows
more prominent structure. Similarly, simulated profiles of ion density are also matching
well with the experimental profiles. Lastly, the IEDF inside the cathode shows two peaks in
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addition to the primary peak, which suggest that the ions at the center oscillate with different
frequencies having a different sets of energies inside the potential well formed during high
voltage operations. The second peak represents the ions which are re-circulating across the
openings of the cathode grids and the last peak signifies the ions which are getting trapped at
the core region. Moreover, it is observed that the percentage of re-circulating ions gradually
decreases and simultaneously the trapped ions inside the potential well increases with the
applied cathode voltage. As far as the future scopes are concerned, further upgradation of the
code must be needed in order to perform the simulation during more higher voltage operations
and to establish a concrete evidence of the formation of multiple potential wells inside the
cathode.
The discharge process and the success of IECF device as a neutron source highly depend
on the understanding of potential structure as well as on the ion dynamics inside the device.
The present analyses are believed to serve as a reference guide to optimize technological
parameters in IECF devices.
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